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ABSTRACT
Recently, analysis of near-infrared broad-band photometry and Spitzer IRS spectra has led to the
identification of a new “pre-transitional disk” class whose members have an inner optically thick disk
separated from an outer optically thick disk by an optically thin gap. This is in contrast to the
“transitional disks” which have inner disk holes (i.e. large reductions of small dust from the star out
to an outer optically thick wall). In LkCa 15, one of these proposed pre-transitional disks, detailed
modeling showed that although the near-infrared fluxes could be understood in terms of optically thick
material at the dust sublimation radius, an alternative model of emission from optically thin dust over
a wide range of radii could explain the observations as well. To unveil the true nature of LkCa 15’s
inner disk we obtained a medium-resolution near-infrared spectrum spanning the wavelength range
2-5 µm using SpeX at the NASA Infrared Telescope Facility. We report that the excess near-infrared
emission above the photosphere of LkCa 15 is a black-body continuum which can only be due to
optically thick material in an inner disk around the star. When this confirmation of a primordial
inner disk is combined with earlier observations of an inner edge to LkCa 15’s outer disk it reveals
a gapped structure. Forming planets emerge as the most likely mechanism for clearing the gap we
detect in this evolving disk.
Subject headings: accretion disks, stars: circumstellar matter, stars: formation, stars: pre-main se-
quence
1. INTRODUCTION
The origin of a star and its planets is intricately tied
to the evolution of the system’s primordial accretion
disk. These disks are composed of gas and dust and
are formed in the collapse of the star’s natal, molec-
ular cloud (Terebey, Shu, & Cassen 1984). As time
passes, the dust grains in these primordial disks evolve:
they collide and stick, eventually growing in size and
perhaps forming planetary systems much like our own
(Weidenschilling et al. 1997). The finer details of how
the disk material evolves from an initially well-mixed dis-
tribution of gas and dust to a system composed mostly
of large solids like our own solar system is not well un-
derstood.
In recent years a growing number of primordial disks
with signatures of dust evolution hinting to the early
stages of planet formation have been identified. Most
of these cases, dubbed transitional disks, (Strom et al.
1989) consist of stars with inner holes in their disks that
are mostly devoid of material. Within the past few years,
observations at mid-infrared wavelengths by the Spitzer
Space Telescope have led us to define transitional disks as
those objects with small or negligible near-infrared flux
excesses over photospheric fluxes but with a substantial
excess in the mid-infrared and beyond. This flux deficit
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at near-infrared wavelengths relative to full disks accret-
ing material onto the star has been explained by mod-
eling transitional disks as optically thick disks with in-
ner cleared regions; the mid-infrared emission originates
in the inner edge or “wall” of the truncated disk which
is frontally illuminated by the star (Calvet et al. 2005).
A small number of these transitional disks with detailed
Spitzer IRS spectra have been analyzed to date. The esti-
mated truncation radii of these disks cover a wide range,
from 4 AU in DM Tau to 24 AU in GM Aur (Calvet et al.
2005). Transitional disks have been found in all ages
where protoplanetary disks have been identified, from the
∼1–2 Myr old Taurus population (Calvet et al. 2005) to
the 10 Myr old TW Hya association (Calvet et al. 2002)
and 25 Ori (Espaillat et al, in preparation). In each case,
the disk is accreting mass onto the star so we can con-
clude that gas is being transported through the inner
cleared disk. In addition, in some cases a small amount
of micron or sub-micron dust coexists with the gas in
this region, giving rise to an excess over photospheric
fluxes detected in the near infrared. Details of the dis-
tribution of this optically thin dust are largely unknown,
although near-infrared interferometric observations sug-
gest that this material is highly structured (Ratzka et al.
2007).
A new class of evolving disks has been identified very
recently. Disks in this class have inwardly truncated
outer disks, as the transitional disks. However, their
significantly larger near-infrared excess, comparable to
that of full disks, points to the existence of a remain-
ing optically thick disk separated by a gap from the
outer disk. A handful of these disks have been analyzed
to date, including four around intermediate mass stars
(Brown et al. 2007) and two around classical T Tauri
stars (Espaillat et al. 2007). In two of these cases, LkCa
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15 and LkHα 330, millimeter interferometry has con-
firmed the truncation of the outer disk (Pie`tu et al. 2006;
Brown et al. 2008) in agreement with the SED modeling
(Espaillat et al. 2007; Brown et al. 2007). However, the
substantial near-infrared excess of LkCa 15 could be ex-
plained by either optically thick material or by 5×10−11
M⊙ of optically thin dust mixed with the gas in the in-
ner disk (Espaillat et al. 2007). These contradictory hy-
potheses cannot not be properly tested with the existing
near-infrared data, which consists of 2MASS and Spitzer
broad-band photometry.
Here, we present detailed spectroscopic data that al-
lows us to unambiguously search for optically thick ma-
terial in the inner disk of LkCa 15, a CTTS in the Tau-
rus cloud, in which an outer disk truncated at 46 AU
has been imaged in the millimeter (Pie`tu et al. 2006).
We confirm that LkCa 15 belongs to the new class of
disks around young stellar objects, the “pre-transitional
disks,” (Espaillat et al. 2007) where a gap is opening
within the disk around a low mass pre-main sequence
star.
2. OBSERVATIONS & DATA REDUCTION
We obtained a 2–5 µm spectrum of LkCa 15 with
SpeX at the NASA Infrared Telescope Facility (IRTF)
(Rayner et al. 1998) on December 3, 2007. The spectrum
was reduced with Spextool (Cushing, Vacca, & Rayner
2004) and dereddened with the Mathis dereddening law
(Mathis 1990) and an AV of 1.2 (Espaillat et al. 2007).
For our template spectrum we use HD36003 (K5 V)
which corresponds to the spectral type of LkCa 15
(Kenyon & Hartmann 1995) and was obtained from the
IRTF Spectral Library. 5 In Figure 1 we present the
medium resolution near-infrared spectra of LkCa 15 and
the K5 dwarf template.
3. ANALYSIS
LkCa 15’s spectrum has absorption lines that are
weaker than those seen in the spectrum of a standard
star of the same spectral type (Figure 2). This “veiling”
of the absorption lines is due to an excess continuum
that adds to the intrinsic photospheric flux, decreasing
the depths of the absorption lines (Hartigan et al. 1989).
We see this veiling phenomenon in similar spectra of full
primordial disks (Muzerolle et al. 2003) in which it is
due to blackbody emission from the inner disk’s optically
thick wall located at the radius where dust sublimates.
We derived the veiling (r=Fexcess/F∗) (Hartigan et al.
1989) by adding an artificial excess continuum to the
template spectrum until the photospheric line depths
matched those seen in LkCa 15’s spectrum in the K-
band. We measure a veiling of 0.3 at ∼2.3 µm, which is
consistent with the excess above the photosphere inferred
from broadband photometry (Espaillat et al. 2007). The
veiling seen in LkCa 15 cannot be produced by a low-
mass companion because such an object would cause the
spectral lines in the composite spectrum of the system
to be stronger than the lines expected from the optical
spectral type, rather than weaker as observed.
To extract the spectrum of the excess emission (Fig-
ure 3), we follow Muzerolle et al. (2003) and scale the
entire LkCa 15 spectrum according to the above K-band
5 http://irtfweb.ifa.hawaii.edu/∼spex/spexlibrary/IRTFlibrary.html
Fig. 1.— Near-infrared SpeX spectra of LkCa 15 (upper dark
line) and a K5 dwarf template (lower light line). Fluxes are in
units of the template’s flux at ∼2.2 µm. LkCa 15’s spectrum is
scaled relative to the template by the derived veiling value of 0.3.
Telluric absorption is too strong at 2.5–2.8 µm and 4.2–4.6 µm for
useful measurements at these wavelengths.
veiling estimate (Figure 1) and subtract the original tem-
plate spectrum from it. The near-infrared excess emis-
sion above the photospheric flux that is seen in LkCa
15 is well-matched by a single-temperature blackbody
of 1600 K (Figure 3), which lies within the range of
dust sublimation temperatures found for a large sam-
ple of classical T Tauri stars and Herbig Ae/Be stars
(Monnier & Millan-Gabet 2002). From this we conclude
that the near-infrared excess of LkCa 15 originates from
the wall of an optically thick inner disk located at the
dust destruction radius. When these results are inter-
preted with previous Spitzer IRS and millimeter obser-
vations, we can firmly state that this object has a gapped
disk structure (Figure 4), making LkCa 15 a member of
the pre-transitional disk class.
4. DISCUSSION & CONCLUSIONS
Unseen planets (Quillen et al. 2004; Rice et al. 2003)
have been proposed to clear out the large cavities within
the primordial disks around GM Aur (Calvet et al.
2005), DM Tau (Calvet et al. 2005), TW Hya
(Calvet et al. 2002; Uchida et al. 2004; Hughes et al.
2007), and CoKu Tau/4 (D’Alessio et al. 2005). How-
ever, several other explanations are also possible. The
inner disk holes in most of these “transitional disks”
can be explained by inside-out evacuation mechanisms
like the magneto-rotational instability (MRI; Chiang &
Murray-Clay 2007) and, in the case of CoKu Tau/4, by
photoevaporation (Alexander & Armitage. 2007). In ad-
dition, a stellar companion can inwardly truncate the
outer disk as is most likely the cause of the inner hole of
CoKu Tau/4 (Ireland & Kraus 2008).
Alexander & Armitage. (2007) found that the accre-
tion rates and disk masses of GM Aur, DM Tau, and
TW Hya suggest planet formation in these systems, but
perhaps the best observational evidence that links plan-
ets with the holes seen in transitional disks is the detec-
tion of a planet around TW Hya (Setiawan et al. 2008).
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Fig. 2.— The K-band portion of the spectra in Figure 1. The
LkCa 15 spectrum (upper dark line) has been scaled down to the
template’s flux at ∼2.2 µm in order to more clearly show the veiled
absorption lines of LkCa 15 relative to the K5 dwarf template
(lower light line).
Fig. 3.— The near-infrared excess spectrum of LkCa 15 (light
line) fitted with a 1600 K blackbody (dark line). Fluxes are in the
same units as Figure 1. The excess was obtained by subtracting
the original template spectrum from the veiling-scaled LkCa 15
spectrum which are both shown in Figure 1.
Nonetheless, this still does not discount that the MRI is
the main clearing agent in the inner disk given that this
mechanism is still viable in the presence of a planet. Con-
sequently, inner disk holes are not conclusive signatures
of planet formation.
The origin of the gap in LkCa 15 can be evaluated
against different mechanisms that have been proposed to
clear the inner disk, namely the MRI, photoevaporation,
stellar companions, and planet formation. The MRI op-
erates on the ionized, frontally illuminated wall of the
inner disk and allows material to accrete onto the star
leading to inside-out clearing (Chiang & Murray-Clay
2007); the MRI cannot account for a remnant optically
Fig. 4.— A schematic of the dust distribution in LkCa 15 (not
to scale). The central circle is the star. Progressing outward the
components of the disk consist of the following: the inner wall at
the dust destruction radius (light gray), the inner disk (brown), a
disk gap (white) with a small amount of optically thin dust (dots),
the outer disk wall (light gray), and the outer disk (brown). Based
on Pie`tu et al. (2006) and Espaillat et al. (2007), LkCa 15’s opti-
cally thick inner disk is located between 0.12 AU and 0.15 AU and
the optically thin dust extends out to 5 AU. Between 5 and 46 AU
the disk is relatively clear of small dust grains and the outer disk
is inwardly truncated at 46 AU. The spectrum of LkCa 15 shown
in Figure 1 arises from both the star and inner wall shown in this
schematic; the excess emission in LkCa 15 shown in Figure 3 orig-
inates only from the inner wall. [See the electronic version of the
journal for a color version.]
thick inner disk. In the photoevaporation model, a stel-
lar wind creates a small gap and halts the inward ac-
cretion of mass. Without replenishment the inner disk
quickly accretes onto the central star and only then can
the hole grow outward (Clarke, Gendrin, & Sotomayor
2001). When the hole is about 46 AU, as is seen in
LkCa 15, no inner disk remains (Alexander & Armitage.
2007) so LkCa 15’s gap cannot be due to photoevapo-
ration. A companion star would have to be located at
about 18 – 26 AU (Artymowicz & Lubow 1994) in order
to truncate the outer disk at 46 AU and studies of LkCa
15 have revealed no stellar mass companion down to
about 4 AU (Leinert et al. 1993; Ireland & Kraus 2008).
Planet formation emerges as the most likely explana-
tion since a planet can create a gap about its orbit
(Paardekooper & Mellema 2004; Varnie`re et al. 2006).
The large gap of LkCa 15, which encompasses the or-
bits of Mercury (.4 AU) and Neptune (30 AU), raises the
interesting possibility that we are seeing clearing due to
multiple planets which would suggest that LkCa 15 may
be an early analog of our own Solar system.
In conclusion, our observations confirm the presence of
an inner optically thick disk in LkCa 15. The existence of
optically thick material inside a truncated disk provides
significant insight into the models presented to date to
explain the transitional disks and calls for more detailed
studies of this new class of disk.
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